The fat body in Calpodes ethlius (Lepidoptera, Hesperiidae) takes up protein from the blood throughout the larval stage before pupation. Depending upon the phase of development, the protein appears in multivesicular bodies, in large storage granules, and in structures of intermediate form. There are three phases in the 8 days of the last larval stage; the first devoted to growth (molting to 66 hr), the second to synthesis for storage or export (M + 66 to M + 156 hr), and the third to preparation for pupation (M + 156 to pupation at M + 192 hr). From M + O to M + 156 and from M + 180 to M + 188 hr, protein is taken up into multivesicular bodies. Larger MVB's form a continuous series with the protein granules formed from M + 162 to M + 180 hr. Blood proteins increase in concentration and amount from M + 66 to M + 156 hr at the same time as the fat body cells have a high rate of incorporation of amino acids and a structure appropriate for protein synthesis. During granule formation, both amino acid incorporation and blood protein concentration decrease. Since foreign proteins injected into the blood appear in the granules, they are probably made mainly from sequestered blood. Protein uptake involves two stages: concentration between the cells, and ingestion in pinocytotic vesicles. The vesicles fuse to become MVB's or storage granules, depending upon their rates of growth and the addition of lytic enzymes. Since MVB's do not accumulate in the fat body and since many of them contain acid phosphatase and appear empty, they are presumed to be concerned in protein turnover.
INTRODUCTION
Insect fat body is functionally similar to mammalian liver. It contains a single cell type which synthesizes, stores, and mobilizes glycogen, lipid, and protein. In Calpodes ethlius, the fat body cells engage in these activities sequentially as larval development progresses. These cells, therefore, provide excellent material for studying the morphological changes involved in the transition from one type of activity to another.
The formation of protein granules is one of several changes taking place in the fat body of Calpodes ethlius in the larval stage before pupation.
The granules are of several sorts which differ in their content and method of formation. The main features of their structure and some aspects of their formation have already been described (26) . In that report, the origin of the granules was ascribed to four processes: (1) the packaging of protein by the Golgi complex; (2) the isolation of cell components by paired membranes for immediate or delayed lysis; (3) growth of granules by fusion at various stages of their development; and (4) growth of granules by the addition of microvesicles at the granule surface. The above description does not explain the formation of the large protein storage granules arising in the fat body at pupation. The problem has been (1) to determine the origin of the protein in the granules, and (2) to define the mechanisms of granule formation. Tracing the fate of injected plant peroxidase has revealed that the fat body sequesters blood proteins for hydrolysis in multivesicular bodies during the intermolt and for storage at pupation (7, 27) , indicating that a fifth process operates in granule formation, in addition to those previously described. This paper completes the description of the origin of protein granules in the fat body.
MATERIALS AND METHODS

The Experimental Animal
Calpodes ethlius Stoll (Lepidoptera, Hesperiidae) has several advantages for studies in developmental cytology. It is easily reared, is disease free, and has a relatively short life cycle. It has five larval instars. The 5th stadium is the longest (192 -13 hr at 22 0 C).
The pupal stadium lasts about 10 days. The changes in the larva which mark its progress from one stage to the next occur at precise times in the stadium, thus making it easy to perform experiments on large numbers of animals of the same physiological age. In addition, the ultrastructure of several tissues is now known in detail, and provides a useful basis for comparison and correlation of the changes observed in the fat body. This study has concentrated on events in the 5th larval stadium, including the 4th to 5th and 5th to pupal molts. The larvae were reared in a greenhouse; towards the end of the 4th or 5th stadium they were transferred to a 22 0 C incubator in which they were observed for the timing of various external changes marking their physiological stage. The most useful changes for this study occur during the last 30 hr of the 5th stadium.
Tracer Proteins
We used several foreign proteins as tracer molecules to observe the sequestration process. The aim was to use molecules which could be localized by means of histochemical techniques for light or electron microscopy. Among the molecules employed (plant lipase and acid phosphatase, ferritin, rabbit serum globulin, and fluorescent anti-rabbit serum globulin, algal protein-1 4 C, horseradish peroxidase), the peroxidase proved to be the most useful for both light and electron microscopy and was used routinely. It is readily visualized as the brown product of the reaction with benzidine or diaminobenzidine. In addition to the direct observation of the brown color, the site of peroxidase localization could be detected by fluorescence microscopy, since the brown product quenched the natural yellow fluorescence of the fat body protein granules. A standard procedure was developed for using the horseradish peroxidase as an in vivo protein tracer. Larvae of known ages were injected with a solution of peroxidase (Sigma Type II; Worthington HPOD) in insect Ringer's (NaCI, 11.0 g/l; KCI, 1.4 g/l; CaC1 2 , 1.1 g/l), and were allowed 4 hr for incorporation. In the earlier experiments, the usual dose was 0.1 ml of a solution containing 1 mg/0.1 ml; this dose was later reduced as the technique for visualizing the enzyme was refined. The methods used for demonstrating the sites of peroxidase activity are modifications of those developed for the light microscope by Straus (49, 50) and for the electron microscope by Graham and Karnovsky (19) . After many trials, we found the following procedure to be satisfactory. Fixed fat body was first equilibrated for 10 min on an Eberbach oscillatory shaker in an incubation medium of 0.03e benzidine hydrochloride or diaminobenzidine in 0.05 M veronal-acetate buffer at pH 7.0. Hydrogen peroxide was then added to make a final strength of 0.03 0 j% and the mixture shaken for 6 min more. The penetration of the reagent into the tissues was greatly facilitated by the vigorous agitation of the oscillatory shaker. For light microscopy, the tissues were first reacted with the benzidine mixture and then embedded in ester wax for routine sectioning. For electron microscopy, they were postfixed in osmium tetroxide and processed as usual. The sites of peroxidase activity could be visualized because of the increased electron opacity deriving from the reaction between the osmium and the oxidized diaminobenzidine. For survey work and controls, thick sections were photographed unstained. For better resolution, thin sections were lightly stained in either lead citrate or uranyl acetate.
T'he Determination of Blood Protein Concentration
The protein concentration of the hemolymph was measured by the Biuret reaction, according to the method of Dittebrandt (12) . Blood samples were collected from larvae of known ages by pricking a proleg, or from pupae by cutting the tip of the proboscis. Duplicate samples of 2 0-501A were taken with either a 50-1l micropipette or a 100-,ul serological pipette calibrated to deliver a specified volume. The samples were immediately diluted to a final volume of 2.5 ml (including the Biuret reagent). They were incubated at 37 0 C for 30 min and read on a Beckman spectrophotometer at 550 my. Bovine serum albumin was used for all standard solutions.
Tissue Preparation for Light and Electron Microscopy
The larvae were fixed by standard procedures for light and electron microscopy (26) . They were fixed in glutaraldehyde (5% with 0.05 M cacodylate buffer, pH 7.4) at 0-4 0 C for 2-18 hr and stored at 0-4 0 C in 10% sucrose with 0.05 M cacodylate buffer at pH 7.4. For the localization of peroxidase, it is essential that sucrose not be added to the glutaraldehyde. For electron microscopy, the tissues were postfixed in 1% osmium tetroxide buffered at pH 7.4 and containing 4% sucrose, dehydrated in alcohol or acetone, and embedded in Araldite. Thin sections were stained routinely for 10 min with saturated uranyl acetate in 70% ethanol and absolute methanol (1:1) (24) and then for 5 min with lead citrate, pH 12.0 (38) . During staining, the grids were handled in a device which allows easy manipulation and consistently gives no contamination (26) . Light microscope observations were made either on thick sections cut from Araldite blocks or on 4-8-,u ester wax sections. The electron micrographs were taken on an RCA EMU 3 F microscope operated at 100 kv with a 25-/u objective aperture and a high magnification specimen holder, or at 50 kv with a 3 5-/2 objective aperture and a low magnification holder. Micrographs were taken in a through-focus series, at magnifications of 4,000-22,000.
Histochemistry
Acid phosphatase activity was observed with both the light and electron microscopes on tissue prepared by the methods of Miller and Palade (31) . The clearest contrast between reaction product and resolvable cell components was obtained after staining in lead citrate only.
The contents of the granules in the fat body cells were characterized with several histochemical techniques and protein stains including bromphenol blue, Millon's reagent, the Morel-Sisley diazotization with 1 -amino-8-naphthol-4-sulfonic acid (S-acid), and the dinitro-fluoro-benzene (DNFB) method followed by diazotization and treatment with 1-amino-8-napthol-3:6-disulfonic acid (H-acid).
Radioautography
Tritiated tyrosine (Schwarz BioResearch, Orangeburg, N.Y.) with a specific activity of 0.5 c/mmole was injected into larvae of various ages in the 5th stadium, in doses of 20 ,uc/g of larval weight. Larvae were fixed after 2 hr of incorporation and prepared for light microscopy. Tissue sections were coated with Kodak nuclear emulsion NTB 3 and were exposed at -10 0 C for 14 days.
RESULTS
Preliminary Observations on the Fat Body of 5th Instar Larvae
The fat body of the larva is composed of sheets of cells, two layers thick, forming thin ribbons attached in a few places to the integument but otherwise floating freely in the hemolymph. The entire outer surface of the tissue is covered by a basement membrane which is not a barrier to macromolecules. At pupation, the cells lose their adhesions to one another, and the ribbons become clumps. The cells are then more nearly spherical and are kept in place only by the basement membrane.
The 5th stadium may be divided into three phases. The first phase occupies the period from ecdysis at the 4th to 5th molt up to the critical period for the operation of the brain hormone on the prothoracic glands 66 hr later. Radioautographic studies show that this is a phase of nuclear replication and RNA synthesis. Figs. 1 and 2 show the appearance of the fat body cytoplasm at the beginning of this period. The cells are small and contain many mitochondria. The saccules of the Golgi complexes contain acid phosphatase but there are no large secretory vacuoles. By 66 hr after molting (M + 66 hr), the fat body cells have small droplets and no glycogen. They are intensely basophilic with many free ribosomes but little endoplasmic reticulum (RER), although the Golgi complexes are beginning to have vacuoles of secretory material (Fig. 3) .
During the second phase, from M + 66 to M + 156 hr, there is a variety of syntheses: free ribosomes decrease in number as the rough endoplasmic reticulum (RER) appears. Dense material accumulates in the cisternae, and the Golgi complex contains much larger vacuoles of secretion (Fig. 4) . Small lipid droplets become larger, occupying 40% of the cell volume, and extensive glycogen deposits are laid down (Fig. 5) . The basophilia is restricted to the cytoplasm between these reserves.
The third phase is initiated at the time of the critical period for the operation of the prothoracic glands upon the tissues to induce molting (M + 156 hr).The larva is then at its maximal size. Shortly afterwards the gut empties, in preparation for pupation. Protein granules appear suddenly 1 Locke, M. 1967. Unpublished observations.
FIGURE 3
The fat body at the end of the first phase (M + 68 hr). By this time, the cells have undergone a period of RNA synthesis. The population of free ribosomes has increased markedly, but there is still little rough ER. Small lipid droplets are present, and the Golgi complex has begun to produce secretory vacuoles, some of which contain acid phosphatase. Acid phosphatase; stained with lead citrate and uranyl acetate. G, Golgi complex; 1, lipid; s, Golgi secretion. 50 kv. X 28,000.
in the fat body at a time when the gut is half empty (M + 162 hr). They continue to form over the next 18-20 hr, after which they occupy 15-25% of the cell volume. There is a marked sex difference in the amount of protein stored by the fat body (Fig. 6 ). In the female, the granules occupy about 25%, of the cell, but in the male only about 15 %. Several histochemical stains were used to characterize the granules. The intensity of staining showed that the granules contain protein with a high proportion of aromatic amino aids. The granules also have a strong natural yellow fluorescence when excited by ultraviolet light. In some older granules the center becomes crystalline, like the albuminoid crystalloids described by Hollande (20) .
Just before and coincident with the formation of the first protein granules, there is a phase of FIGURE 1 The fat body at the beginning of the first phase of the stadium 2 hr after the 4th-5th molt. The cells contain numerous mitochondria and free ribosomes, but little rough ER and no lipid droplets. The Golgi vesicles and saccules contain some secretory products such as acid phosphatase, but there are no large secretory vacuoles. Acid phosphatase; stained with lead citrate and uranyl acetate. 50 kv. X 26,000.
FIGURE 2
The fat body at the beginning of the first phase of the stadium (M + 23 hr). The lipid droplets are small, and the cytoplasm is dense and basophilic. Araldite section stained with methylene blue. X 700. FIGURE 4 The fat body during the phase of synthesis and secretion (M + 66 to M + 156 hr). The cells are engaged in the synthesis of lipid, glycogen, and protein, and the rough ER is extensive. Large secretory droplets arise from the Golgi complex. Stained with lead citrate and uranyl acetate. G, Golgi complex; gly, glycogen. 100 kv. X 40,000.
autolysis: the mitochondria are isolated by paired membranes in bodies which fuse to become large autophagic vacuoles (25, 26) . Immediately after protein granule formation ceases (at about M + 182 hr), there is another phase of autolysis: the ER is isolated and concentrated into granules containing RNA and protein (26) . Thus, the main phase of protein granule formation is flanked in time by bursts of autolytic activity.
These observations established the basic structure and developmental history of the fat body cells and the timing and extent of protein granule formation summarized in Fig. 25 . This paper is concerned primarily with the origin and mechanism of formation of the protein granules.
Protein Synthesis and Granule Formation
The rate of accumulation of granules when they suddenly appear indicates intense activity on the part of the fat body. If the fat body protein is synthesized in situ from amino acids from the blood, then there should be a very high rate of amino acid incorporation. A series of radioautographic experiments was performed so that we could determine whether the protein granules contained newly synthesized proteins.
Tyrosine-3H (20 uc/g) was injected into the hemocoel of a batch of 70 larvae of various ages in the 5th stadium. Tyrosine was chosen primarily because the histochemical preparations showed that the proteins of the granules are rich in aromatic amino acids. An experiment with leucine-3 H gave qualitatively similar results but was not quantified. The larvae were allowed to incorporate the precursor for 2-16 hr, and were then prepared for radioautography. Fig. 7 shows the results after a 2-hr incorporation period for one series of various ages selected to span the stadium. Early
The fat body during the phase of synthesis and secretion (M + 66 to M + 156 hr). The ER is restricted to strands around the nucleus and lipid droplets. Araldite section stained with methylene blue. The lipid droplets and areas containing glycogen are unstained. n, nucleus; 1, lipid; gly, glycogen. X 700.
in the stadium, the incorporation is low. The incorporation is highest in the central phase between the critical periods and falls again at the time of granule formation. The results agree with the electron microscope observations which show that the RER is not extensive until after the head critical period. From M + 66 to M + 156 hr, the Golgi complexes appear most active with large vacuoles. Just before protein granule formation, the Golgi vacuoles are again small or absent.
The important point with respect to the granules is that the grain count on the radioautographs is low during their formation relative to other times, and that there are few grains over the granules themselves. Longer periods of incorporation did not result in any more labeled protein. The grain count over the granules is also very low relative to that in the epidermis during cuticle formation. Cuticle deposition is an example of protein secretion comparable in magnitude to the accumulation of granules in the fat body. The grains over newly secreted cuticle in these preparations are too dense to be counted.
The low incorporation of amino acids into the fat body at the time of granule formation contrasts with the higher incorporation during the preceding 90 hr. The results clearly show that protein synthesis in the fat body does not match the appearance of the granules. We may conclude that little protein is synthesized during granule formation or that the protein synthesized turns over very rapidly. The granules, therefore, contain little protein which has been newly synthesized in situ.
The Relationship Between the Blood Proteins and Granule Formation
Granule formation involves a massive increase in the amount of protein stored in the fat body. If the blood is the source of this protein, we might expect its protein content to show an equally 
The proportion of the cell occupied by protein granules at pupation. Each point represents data from 10 counts on sections of one animal. The values were calculated from the number of dots which lay over protein granules, using a randomly dotted ocular grid with 50 dots (8) . The proportion of the cell area containing granules begins to increase 30 hr before pupation. The fat body of the female contains more protein in granules than that of the male.
large reduction due to granule formation: there might be a rise in blood protein correlated with the observed synthesis of protein by the fat body and then a fall in blood protein as the protein is removed from circulation. The blood protein concentration was measured in a series of larvae of all ages in the 5th stadium; measurements were also made during the last 24 hr of the 4th stadium and the first 24 hr of the pupal stadium. The mean values for each larva are plotted against age in Fig. 8 .
The blood protein concentration is constant for the first 66 hr. Following the critical period for the action of the brain hormone on the prothoracic glands, there is a steady increase in blood protein concentration. The peak concentration occurs just before the fat body begins to sequester protein to make the granules, at about the time of the critical period for the initiation of molting at M + 156 hr. After the critical period, the blood protein concentration declines rapidly to about the same value as atM + 0 to M + 66 hr.
The blood volume was also measured in a series of larvae throughout the stadium. The volume increased with feeding and gain in body weight, but remained constant in proportion at 30% of the body volume. Thus, the increase in blood protein concentration during the middle third of the stadium and the decrease during protein granule formation reflect changes in the amount of blood protein.
The main increase in blood protein occurs when the larva is feeding and there is general growth of the tissues. The formation of protein storage granules, on the other hand, occurs only at the end of this phase and is not proportional to the protein level of the blood. The sharp decline in the blood protein level correlates exactly with the increase in density of protein granules in the fat body.
There is a marked sexual difference in the amount of protein circulating in the blood, the female having more blood protein than the male. Just before granule formation, the average blood protein concentration in females is 120 mg/ml, while in males the corresponding value is 80 mg/ml (Fig. 8) . The rate of increase in blood protein concentration is also greater in females. A comparable sex difference was noted in the proportion of protein stored in granules. This evidence, coupled with the measured decline in the blood protein concentration, suggests strongly that the blood makes a significant contribution to the protein in the granules.
The Sequestration of Protein to Form Granules
From ecdysis to M + 156 hr, the fat body has no stored protein visible by light microscopy. There is then an abrupt increase to 15 -25 % of the cell volume at a time when the blood loses protein and the fat body is not engaged in massive synthesis. The hypothesis that the fat body takes up and stores protein from the blood was therefore explored.
A single dose of peroxidase was injected into larvae for incorporation periods of I min-24 hr at various times to span the 5th stadium. Except during the last 4 hr before pupation, when the cells are more or less spherical with large spaces between them, the peroxidase was always concentrated in channels and intercellular spaces. 
pupao--
The relative amounts of trosine-3H incorporated into the fat body of 5th instar larvae of different ages throughout the stadium, after a 2-hr incorporation period. The arrows at 66 and 156 hr mark the critical periods for the action of the brain and prothoracic glands, respectively. The points on the graph are the means from two separate sets of grain counts on a series of radioautographs selected, to span the stadium, from the group of 70 larvae injected. These data are similar to those obtained from counts on the entire series. The two high values at 55-60 hr are probably related to the change in synthetic activity taking place at 66 hr. , Z pupa- 
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10. in many of the protein granules (Fig. 9) . The rate of peroxidase accumulation into granules was estimated from the area of granules containing peroxidase seen in sections (Fig. 10) . The highest rate of accumulation of peroxidase into protein granules coincided with the most active period of granule formation (Fig. 6) , and with the time at which blood protein was depleted (Fig. 8) .
Protein Uptake by the Fat Body Before and After Granule Formation
Although the concentration of blood protein is high during much of the stadium, the large granules only appear in the fat body shortly before pupation. Superficially, it appeard that protein sequestration only occurred then. It was, therefore, a considerable surprise to find, on the contrary, that protein uptake takes place throughout the stadium and is not correlated solely with the formation of large storage granules.
Between M + 0 hr and the formation of large granules, the peroxidase could be identified in very small structures, /--5 /u in diameter, often around the nucleus (Fig. 11) . The last granules formed just before pupation are again "tiny" and appear around the nucleus as granules do during the intermolt (Fig. 12) . All uptake of peroxidase stops 4 hr before ecdysis.
The time taken for peroxidase to be concentrated and to appear in the "tiny" granules was estimated on a series of mid instar larvae (aged M + 80 to 100 hr) after various incorporation periods. After 1 min, peroxidase could be detected in "corners" between the cells, and 4 min was long enough for it to concentrate in other areas between the cells. During the next 2 hr these areas enlarged and the reaction became more distinct, appearing also in the projections into the cell which were later identified as pinocytosis channels. By 3 hr after injection, there was a distinct aggregation of "tiny" granules around the nucleus. These granules enlarged slightly over the next hour and showed little change for the next 24 hr.
Protein Uptake into MVB's and Granules
The peroxidase observed by light microscopy between the fat body cells, in the "tiny" granules and in the large storage granules, was taken to indicate the presence of sequestered protein.
However, it is difficult to resolve the presence of natural blood protein in these positions by light microscopy with conventional stains, and the possibility remains that artefacts might be induced by the administration of the peroxidase itself. As the ultrastructure associated with the naturally sequestered protein became clearer, it was compared with the structure seen in similar larvae which had sequestered peroxidase. No qualitative difference in ultrastructure was detected between larvae with and larvae without peroxidase. We may, therefore, discard the notion that the structures seen after the injection of peroxidase are merely artefacts induced by a foreign protein.
Although we cannot exclude the possibility that foreign proteins stimulate processes involved in their own uptake, we may assume that the route of entry of peroxidase into the cells is similar to the route of entry of natural proteins.
During most of the intermolt (M + 0 to M + 156 hr), the cells are joined by few desmosomes and are separated from each other by a system of spaces and channels containing dense material. This material is presumed to be protein because of its similarity to the protein contained in the granules. It is more dense than fixed blood which is occasionally encountered between other tissues. Microtubules frequently occur in the cytoplasm around the spaces filled with concentrated blood, as though they are maintaining cortical rigidity (Fig. 13) . The face of the fat body cell which abuts on the hemocoel also has a ramifying network of channels opening in many places below the basement membrane. These channels do not usually contain dense deposits and they may be different from the channels on the other faces. Intracellular channels lead from the spaces between cells, and their contents enter the cytoplasm as small proteinfilled vesicles which coalesce to form large vesicles and granules (Fig. 14) . The tips of the intracellular channels often have a structure similar to that of the coated vesicles of Roth and Porter (41, 42) , and some coated vesicles about 1,000 A in diameter may also occur within the cells. Coated vesicles have often been implicated in the transport of protein into cells (16) and they may have this function in the fat body. However, they are not so frequent as vesicles without coats, and both sorts may have a role in the transport of blood proteins to make the granules.
The electron microscope localization of peroxidase showed that the dense material between the cells contained peroxidase in the first stages of its sequestration. Fig. 15 shows an unstained section from a late intermolt larva 4 hr after the 462 TuIE JOURNAL OF CL.LL BIOLOGY VOLUME 36, 1968 injection of peroxidase into the hemocoel. The peroxidase activity is concentrated in the intercellular spaces and in intracellular channels which bud off into small vesicles. Fig. 16 shows the formation of protein granules by the fusion of small vesicles and the accretion of vesicles to granules. These granules, about 0.5-1.0 IL in diameter, are the "tiny" granules seen by light microscopy. The dense amorphous contents of sequestered protein are bounded by a single unit membrane. There are few from M + 0 to M + 66 hr; thereafter, they become progressively larger and more frequent and often contain microvesicles (Fig. 17) . Those granules with the highest density of microvesicles have the characteristic appearance of the multivesicular bodies described by Sotelo and Porter (47) . The granules which become multivesicular bodies continue to contain peroxidase in their matrices (Fig. 18) . Several authors have noted that sequestered foreign proteins appear in the matrix of multivesicular bodies (15, 17, 40) . However, in the fat body the peroxidase seems to be present in at least some of the microvesicles (Fig. 19) . Many of the feeder microvesicles carrying protein from the cell surface must pop through the MVB limiting membrane and survive intact for awhile. In support of this interpretation, some microvesicles within MVB's appear to have the structure of coated vesicles. This interpretation also makes it easier for us to understand how some MVB's can appear almost filled with microvesicles and yet still be concerned with protein sequestration. There is a wide variation in the size of the granules and the number of microvesicles they contain. Late in the intermolt, there are all intermediates between dense granules and membrane-bounded vacuoles empty except for a few microvesicles. The dense granules may occur anywhere in the strands of ER between lipid and glycogen deposits or around the nucleus. The multivesicular bodies typically lie around the nucleus, especially the more empty ones which are interpreted to be in later stages after the lysis of their contents.
The loss of protein from the matrix of the intermolt granules after they have incorporated microvesicles suggested that at least some of the microvesicles might be primary lysosomes carrying hydrolytic enzymes. The distribution of acid phosphatase confirmed this suggestion. Light microscopy showed that acid phosphatase was localized in granules of about the same size and distribution as those granules shown to incorporate peroxidase from the blood. (At some stages there are also autophagic vacuoles and residual bodies containing acid phosphatase. These will not be described). Electron microscopy showed that acid phosphatase was localized in the multivesicular bodies, with lead deposits in both the matrix and some microvesicles (Fig. 20) . In addition, there were sites of acid phosphatase activity in some Golgi saccules and vacuoles and a few vesicles (Figs. 1, 3) . The Golgi vesicles containing the enzyme are similar in size and appearance to the microvesicles within the multivesicular bodies. Just as some of the microvesicles in MVB's which had sequestered peroxidase did not contain the foreign protein, so many of the microvesicles in the acid phosphatase-reacted material did not contain acid phosphatase. We may conclude that the microvesicles may have a mixed origin. The localization of acid phosphatase provides circumstantial evidence that the lytic enzymes of the MVB are transported from the Golgi complex in microvesicles, some of which may survive intact within the MVB.
From aboutM + 156 to M + 162 hr, there is a phase of transition from the production of small multivesicular bodies to large storage granules. The gap between these activities is bridged by the formation of large multivesicular bodies intermediate in size between the intermolt granules and the storage granules (Figs. 21, 22) . These large multivesicular bodies are so numerous that they spread into the reserves of glycogen. Like their intermolt counterparts most of them lose their contents, but while doing so, they often develop a characteristic fibrous or bristly texture before becoming empty-looking vacuoles (Fig. 23) . A few of these granules remain dense and have a few or no microvesicles (Fig. 24) . Presumably, these are the ones which are larger by M + 162 hr and continue to accrete vesicles and grow into storage granules.
The formation of the protein storage granules from M + 162 to M + 180 hr is a major event in the life history of the fat body. The cells become more globular and adhere less tightly to one another so that the intercellular spaces become even larger than in the intermolt and may contain more concentrated protein. The events leading to the formation of the storage granules are similar to those occurring in the formation of the intermolt granules but the channel systems and vesicles
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FIGURE 9 The sequestration of peroxidase into protein granules at pupation. The larva was injected with peroxidase at M + 168 hrIn and fixed at M + 178 hr. The granules containing peroxidase are more dense, and some have crystalline deposits (*). Diaminobenzidine reaction; otherwise unstained. n, nucleus; pg, protein granule without peroxidase; per, peroxidase; 1, lipid. Araldite section. X 900.
are even more obvious, resembling typical, actively pinocytosing surfaces as in insect oocytes (41, 47) . At this time, the main differences between the intermolt granules and the storage granules are those of size and speed of growth. Also, the storage granules remain densely packed within a single membrane although they may have a few peripheral microvesicles. Later, the core of the storage granules often becomes crystalline.
The studies on the incorporation of peroxidase show that the formation of multivesicular bodies and protein storage granules is basically similar, involving the following steps: (1) The concentration of blood proteins between the cells, (2) the transport of concentrated protein into the cell in vesicles; and (3) the fusion of the vesicles to make granules. Thereafter, the granules either become storage granules by continuing these processes, or multivesicular bodies by the addition and survival of microvesicles. The switch from the intermolt to the molt involves either an increase in the rate of protein accumulation or a decrease in lytic vesicle production, or both.
DISCUSSION
'The Relation to Previous Work
The precise timing of the changes occurring in the fat body of Calpodes at metamorphosis has made it relatively easy for us to observe the events leading to the formation of different sorts of granules, with a clarification of the complexity described in other insects by various authors. We regard this description as an essential preliminary to further studies. The main events in the life history of the fat body in the 5th stadium are outlined in Fig. 25 . According to their origin, the granules may be classified as heterophagic or autophagic.
The granules formed from sequestered blood proteins are heterophagic vacuoles. In Calpodes the multivesicular bodies and the granules of stored protein form a continuous series, differing only in size and in the timing of their formation and lysis (Fig. 26) . They account for the bulk of the protein stored in the fat body in Calpodes and probably in other insects as well. Thus, the "albuminoid granules," described by earlier authors as characteristic of metamorphosing insects, are probably composed of sequestered blood proteins as well as isolated cell organelles. Although Berlese (2) suggested that the granules in Calliphora were formed from albuminoid substances absorbed from the blood, Hollande (20) found no evidence that the fat body in Nymphalis io and Aglais urticae could take up nucleic acids and peptones injected into the blood, and therefore concluded that the contents of the granules were being made in situ. More recently, it has been suggested that the fat body in Calliphora larvae synthesizes and exports proteins to the blood, and also takes up blood proteins (37), the two processes occurring in equilibrium (36) . We have used the peroxidase technique to confirm the uptake of blood proteins by the fat body in FIGURE 11 The uptake of peroxidase by the intermolt fat body after allowing incorporation from M + 70 to M + 78 hr. The enzyme is concentrated in tiny granules and in the intercellular spaces. Diaminobenzidine reaction; otherwise unstained. 4-u ester wax section. X 700.
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The sequestration of peroxidase into perinuclear granules from M + 184 to M + 192 hr. This incorporation time has spanned the transition from the formation of large protein storage granules to tiny perinuclear granules. Diaminobenzidine reaction; otherwise unstained. 4-u ester wax section. n, nucleus. X 700.
Calliphora. If the results in Calpodes and
Calliphora are taken to have general relevance in insects, we may conclude that Berlese was correct in his hypothesis that the contents of some granules arise from the blood. The general mechanism for all autophagy in Calpodes involves the isolation of organelles by paired membranes (26) . The isolation of mitochondria for autolysis produces transient granules which are soon lost (26). Several authors have described fat body granules which stain with Janus Green (4, 10) and fuchsin (22) , indicating that they contain mitochondria, and such granules have been seen in electron micrographs of Drosophila fat body (18) . The formation of albuminoid granules from degenerating mitochondria has also been described in the fat body of metamorphosing Philosamia (51) . The ER isolation bodies of Calpodes store protein and RNA in the pupa. They are probably equivalent to the basophilic granules described in the literature (2, 3, 5, 20 32, 35, 44, 52) and to the granules containing isolated ER in Drosophila (18) . In addition to the basophilic granules, some authors have described granules which are first basophilic and later become acidophilic (20, 44, 52) . At the time of mitochondrial autolysis, similar granules were seen in Calpodes to arise by the isolation and lysis of rough ER, resulting in storage granules without RNA (26) .
These observations on the sequential formation of various granule types in Calpodes clarify the confusion arising from the descriptions of granules in other insects. The formation of protein granules during metamorphosis is the result of three processes: (1) the sequestration of blood proteins; (2) the isolation and autolysis of cell organelles; and (3) the isolation, incomplete autolysis, and temporary storage of the rough endoplasmic reticulum. 
Mechanisms of Protein Uptake
Protein uptake in the fat body of Calpodes differs from that of previous reports of pinocytosis in being a two-stage process; blood protein is first concentrated in intercellular spaces and channels before being ingested in vesicles. The mechanism involved may differ according to the stage being considered.
In the first stage, protein is concentrated in masses which may be a micron or more from a cell surface. The uptake is nonspecific, allowing the sequestration of proteins as foreign as plant peroxidase and algal protein. The simplest hypothesis would suppose that whole blood is concentrated between the cells by the loss of water following the active transport of ions and/or metabolites. The fat body is one of many tissues which take up peroxidase in Calpodes (28) . The concentration of protein may, to some extent, be inevitable in cells which are actively taking up precursors for the synthesis of proteins, lipids, and glycogen. Concentration could also be effected by the movement of ions as in Carausius which maintains a potential gradient of 15-20 mv across the fat body (29) . Miller et al. (30) have suggested that an APTase may be involved in the uptake of peroxidase by the convoluted tubule loop of Henle in rat kidney slices, since the process is Ouabain sensitive. The concentrating stage in Calpodes might be the result of a similar process, but, so far, we have been unable to demonstrate an ATPase with the convincing localization reported by Berridge and Gupta. 2 The specificity of the second stage of uptake may be influenced by the size of the pinocytotic vesicles. If specificity is due to an immunological type of reaction between protein and the membrane surface and if there is no mechanism for concentrating material in the center of the vesicle, then all vesicles would be more or less specific. If the vesicles contain contents in addition to that FIGURE 14 The formation of small protein granules. Protein-filled vacuoles bud off from the intracellular channels and fuse to form larger vacuoles which become small protein granules (M + 145 hr). Stained with lead citrate and uranyl acetate. pg, protein granules; pm, plasma membrane;
, coated vesicle. 100 kv. X 34,000.
adsorbed, then the smaller vesicles would be more specific. For example, it can be seen from Fig. 27 that a microvesicle with an external diameter of of about 1,000 A, which has a 75-A-thick layer of a specific protein adsorbed to its inner surface, could carry specific: nonspecific contents in the ratio of 2:3. The lack of specificity shown by Calpodes may be due to the large size of the vesicles (about 1800 A diameter) and the nonspecific concentrating mechanism which would be expected to fill the centers of the vesicles.
Multivesicular Bodies and Protein Turnover
During the intermolt, and again shortly before pupation, the fat body takes up blood protein into granules which become multivesicular bodies. The granules and the multivesicular bodies contain lytic enzymes and do not accumulate during the intermolt, so that we may assume that the empty-looking MVB's are truly evidence for the hydrolysis of the exogenous protein sequestered in the granules.
During the intermolt, the fat body synthesizes proteins in several insects (36, 37, 45, 46) . The rise in blood protein during the latter part of the intermolt when the fat body takes up amino acids and when it has active-appearing ER and Golgi complexes, suggests that in Calpodes also the fat body synthesizes protein for export to the blood. Thus, the fat body both synthesizes and breaks down proteins. Although we do not yet know the relative magnitudes of the two processes, the products of breakdown presumably reappear as the products of synthesis, and we may regard the MVB's as organelles for the turnover of blood proteins. Further studies are needed to determine the specificity of uptake in relation to the proteins synthesized.
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THE JOURNAL OF CELL BIOLOGY VOLUME 36, 1968 FIGURE 15 The uptake of peroxidase before granule formation. Unstained section from a late intermolt larva fixed 4 hr after the injection of peroxidase. Diaminobenzidine reaction. The peroxidase is concentrated in the intercellular spaces and in intracellular channels. ics, intercellular spaces; ic, intracellular channels. 50 kv. X 12,000.
The Membrane Turnover Involved in Protein Uptake
One of the consequences of pinocytosis is the loss of plasma membrane from the cell surface.
Membrane must also be removed from the granules, since their surface area is much less than the combined surface area of the constitutent small vesicles. During the formation of granules, mem- I-pupa-- MVB's, it is perhaps more plausible to think of the protein granules as being filled from clouds of vesicles which repeatedly exchange their contents with one another by fusing and separating during random movement. As long as a granule does not refill a vesicle which temporarily fuses with it, protein could move through the cloud of vesicles without any one vesicle shuttling for more than a fraction of the route. During their formation, protein granules do not contain microvesicles in proportion to their increasing volume. The MVB's, on the other hand, may appear almost filled with microvesicles, most of which do not contain acid phosphatase. Many microvesicles seem empty or may contain peroxidase, suggesting that they are part of the pinocytosis system rather than the Golgi complex. Many microvesicles appear broken in the MVB's with little contents, so that the MVB's may be concerned in the breakdown of both the membrane and contents of microvesicles. It is not generally realized how large the proportion of this membrane may be. Fig. 27 shows the theoretical proportions of membrane and contents for the range of microvesicle sizes typically met with in cells, assuming membrane thicknesses of 75 and 100 A. It can be seen that the volume of a typical microvesicle measuring about 0.1 in diameter is 40-50% membrane, and that a very small vesicle of 300 A in diameter, the limiting size according to Robertson (39) , is 85-95% membrane. Thus, if microvesicles are used up in conveying their contents from the cell surface to a MVB or protein granule, they would be transporting more membrane than contents. We should keep an open mind on whether microvesicles and MVB's are primarily autophagic or heterophagic in function, or both. Some MVB's might be organelles engaged primarily in membrane turnover for changing the surface properties of a cell, and others might be more important in digesting external proteins.
Functions of Multivesicular Bodies
The term multivesicular body was first used to describe a granule occurring in rat ova which is bounded by a single membrane and contains a variable number of microvesicles and a nucleoid (47) . Numerous descriptions of these bodies in a variety of cell types have appeard since then, but it is clear that many of the structures described are not identical. Those present in eggs are probably similar to the MVB's originally described, but an equally common type occurs in cells which sequester exogenous protein (13-15, 17, 28, 40 present in the microvesicles (23) . In Calpodes, peroxidase occurs in both the matrix and the microvesicles of the MVB's which, therefore, belong to the class which sequesters foreign protein.
The presence of acid phosphatase confirms the view that the MVB's in Calpodes are heterolysosomes (11) containing lytic enzymes as well as sequestered protein (13, 14, 33, 41) . However, it has been claimed that the MVB's of eggs are not lysosomes even though they contain acid phosphatase (9) . In the secretory neurons of the goldfish brain, the MVB's were thought to be stages in the formation of neurosecretory granules and unrelated to MVB's containing nucleoids (34 
FIGURE 27
The theoretical proportions of membrane and contents for small vesicles of various sizes. Curves are calculated for membrane thicknesses of 100 and 75 A. The curves also show how specific the composition of vesicles of various sizes could be if the vesicles carried nonspecific protein in the center and had specific protein adsorbed to the membrane in a layer 75 or 100 A thick. The ordinate represents the per cent of vesicle composed of membrane.
